common breeds in Germany (Simmental, Holstein, and Braunvieh) and a group of rare breeds or between female and male animals. Conclusions: The results confirm a high variability in allergen levels between individual animals but also indicate that allergen production is related neither to the breed nor to gender.
characterized and listed in the official World Health Organization/International Union of Immunological Societies (WHO/IUIS) allergen database (www.allergen.org). The lipocalin Bos d 2 (20 kDa) is the major respiratory allergen [4] [5] [6] . Immunoblotting analysis has indicated that more than 90% of patients suffering from cattle-associated asthma have IgE antibodies against natural Bos d 2 [7] . Another potential major allergen present in cow dander, which is not yet in the official database, is Bos d 23 k -a 23-kDa protein related to a family of odorant-binding proteins [8] . One of the minor allergens is the calcium-binding protein Bos d 3 (11 kDa) . The frequency of IgE reactivity to recombinant Bos d 3 is about 40% in cattle-allergic subjects [9] . Further minor allergens present in cow hair and dander extracts are serum albumin Bos d 6 (67 kDa) and IgG Bos d 7 (160 kDa) [3] . Other identified allergens of bovine origin (Bos d 4, 5 and 9 -12) include milk proteins, which play an important role in food allergy [10] .
Only few studies have been conducted to investigate the qualitative and quantitative differences in allergen production between different cattle breeds. SDS-PAGE analysis of cow hair extracts has shown nearly identical protein patterns with a dominant band at 20 kDa without any striking breed-or gender-specific differences. Some variations have appeared in the intensities of single bands of protein profiles [11] . Using immunoelectrophoresis methods, only minor differences in allergen composition have been identified upon analysis of material from 4 different cattle breeds [2] . Quantitatively, Heutelbeck et al. [12] found a high variability in Bos d 2 content between individual cattle and suggested that certain breeds, e.g. Simmental, have higher Bos d 2 quantities in their hair compared to others. The authors discussed that the higher proportion of cattle-allergic farmers in Southern Germany (double the German average) could be associated with the higher Bos d 2 content found in Simmental cattle, which is the predominant breed found in this region. However, the sample size of this study was relatively small, with only 18 hair samples (1-4 samples per breed).
The aim of this study was the quantitative analysis of hair samples obtained from cattle of different breeds. Hair extracts were compared in relation to protein, bovine hair allergen, and Bos d 2 content.
Materials and Methods

Sample Collection
In total, 80 hair samples were collected from 16 different cattle breeds used for dairy and/or beef production [Simmental, n = 31; Holstein, n = 16; Braunvieh (brown cattle), n = 12; Pinzgauer, n = 4; Tyrolese Grey, n = 3; Charolais, n = 2; Limousin, n = 2; Tux, n = 2; Angus, n = 1; Montbéliard, n = 1; Belgian White Blue, n = 1; Pustertaler Sprinzen, n = 1; Angler, n = 1; Murboden, n = 1; Murnau-Werdenfels, n = 1, and Hungarian Grey, n = 1]. Each sample was collected from a different cattle farm. Fifty-seven samples were obtained from female animals and 15 samples were obtained from male animals. For 8 samples, the sex of the animal was not documented. Hair was collected from adult animals (2-4 years old) by cutting or shaving as close to the skin as possible. Hair was sampled from body parts without visible contaminations, mostly from the dorsum or flanks of the animal.
Extraction
Extractions were performed by rotating 1 g of hair in 10 ml of phosphate-buffered saline (PBS; pH 7.4) plus 0.05% Tween 20 (PBST) for 1 h at room temperature. The extracts were passed through folded filters (Whatman, Dassel, Germany) and centrifuged for 25 min at 20,000 g . The supernatant was stored in aliquots at -80 ° C until analysis. The protein concentration was determined using the Bradford assay (Bio-Rad Protein Assay; Munich, Germany) with bovine serum albumin as a standard.
Bovine Hair Allergen Assay
Bovine hair allergen concentrations were determined via a sandwich ELISA as described by Zahradnik et al. [11] . The assay was developed using affinity-purified polyclonal antibodies against the total soluble antigen spectrum extracted from bovine hair. The bovine hair extract was previously examined for the presence of allergens using an IgE immunoblot with sera from several cow dander-sensitized patients, which recognized almost the entire protein pattern [11] .
Briefly, Nunc Maxisorp microtiter plates (Thermo Fisher Scientific, Roskilde, Denmark) were coated overnight at 4 ° C with anticow hair polyclonal antibodies in 100 m M carbonate buffer (pH 9.6; 1 μg/ml) and blocked with 1% gelatin in PBST. Afterwards, the plates were incubated with standards, assay controls and samples diluted in PBST. A commercial cow dander extract (Allergon, Ångelholm, Sweden) was used as a standard, with concentrations ranging from 10 to 0.08 ng/ml. Cow shed settled dust extract was used as a positive control and wheat flour extract was used as a negative control. Biotinylated anti-cow hair polyclonal antibody was added at 0.1 μg/ml PBST, followed by incubation with streptavidin horseradish peroxidase diluted 1: 20,000 in PBST (Poly-HRP80-SA; Fitzgerald, Concord, Mass., USA). All incubations were carried out for 1 h at 22 ° C with intermediate washes with PBST between successive steps. Finally, the plates were developed with ABTS tablets [2, 2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt; Sigma-Aldrich, Steinheim, Germany] diluted in 50 m M phosphate-citrate buffer (pH 4.2) with 0.015% hydrogen peroxide. The reaction was stopped with 0.32% sodium fluoride, and the optical density (OD) was read at 414 nm. Sample concentrations were interpolated from a 4-parameter standard curve using Softmax Pro 5.4.1 (Molecular Devices, Sunnyvale, Calif., USA). The lower limit of detection (LOD) was the concentration corresponding to the minimal value of the 4-parameter curve fit function plus the 6-fold standard deviation of the zero standard (OD 414 = 'parameter A' + 0.15). The average LOD of the assay was 0.1 ng/ml. Every hair sample was tested using 3 serial dilutions, and the mean of 3 corresponding concentrations was used as the final result. Results are given in micrograms per gram of hair.
Bos d 2 Assay
Bos d 2 concentrations were quantified using an ELISA kit with monoclonal antibodies and recombinant Bos d 2 as a calibration standard (Indoor Biotechnologies Inc., Charlottesville, Va., USA). The capture antibody 3D4 and the biotinylated detection antibody mAb1 were used at 1: 1,250 dilutions. The standard was used in a concentration range of 5-0.02 ng/ml. All other reagents, buffers, incubation steps, and calculations were used and performed according to the protocol of bovine hair sandwich ELISA as described above. The average LOD ('parameter A' + 0.05) of the Bos d 2 assay was 0.03 ng/ml.
Statistics
All statistical analyses were performed using GraphPad Prism (version 5 for Windows; GraphPad Software, San Diego, Calif., USA; www.graphpad.com). Because most of the data had a skewed distribution, nonparametric tests for the statistical analysis were used. To determine differences between cattle breeds, the KruskalWallis test was used, followed by Dunn's multiple posttest to compare paired differences in the sum of ranks. For this analysis, all breeds with 1-4 individuals were pooled into one group, i.e. 'other breeds'. The Mann-Whitney U test was used to determine differences between genders. Spearman correlations were used to assess relationships between parameters. p < 0.05 was considered statistically significant.
Results
Overall, a wide variability in protein and allergen levels was observed between individual samples of all breeds (n = 80). The protein content differed by about 35-fold (345-11,966 μg/g, median 2,962 μg/g), the bovine hair allergen content differed by about 500-fold (37-18,553 μg/g, median 2,448 μg/g), and the Bos d 2 content differed by about 1,200-fold (5.3-6,323 μg/g, median 677 μg/g). To investigate the Bos d 2 proportion of cow hair allergen content, the reactivity of calibration standards of both ELISAs was examined in a 'cross-assay' design. This comparison resulted in parallel dose-response curves in both assays. The cow dander standard contained 36% Bos d 2. Similar values were obtained through the calculation of Bos d 2/bovine hair allergen ratios. The median value was 0.28, ranging from 0.06-0.59.
Large quantitative variations also existed among individual animals of the same breed. The highest variability occurred within Simmental cattle (n = 31), with a 600-fold difference in Bos d 2 concentration. The results, sorted by When classified according to breed, the lowest bovine hair allergen and Bos d 2 levels were found in the hair of Angus and Angler cattle, and the highest levels were detected in the hair of Murboden and Tux-Zillertal cattle. However, these breeds were represented only by 1 or 2 animals. Because of the limited sample size for the majority of breeds, the statistical analysis was firstly performed for the 3 most common breeds. No statistically significant differences were found between Simmental, Holstein, and Braunvieh cattle using the nonparametric Kruskal-Wallis test for all tested parameters (p = 0.97 for protein, p = 0.87 for bovine hair allergen, p = 0.60 for Bos d 2, and p = 0.26 for the Bos d 2/bovine hair allergen ratio). When the other-breeds group was included in the analysis, there were also no significant differences. For example, the median Bos d 2 concentration was 770 μg/g for Simmental, 842 μg/g for Holstein, 635 μg/g for Braunvieh, and 625 μg/g for 'other breeds' . The Bos d 2/bovine hair allergen ratio was also very consistent among the 4 groups, ranging from 0.26 to 0.30. Regardless of the breed, there were no differences in protein or Bos d 2 levels between male and female animals. A slight but nonsignificant difference (p = 0.09) was observed in bovine hair allergen content (males 1,640 μg/g vs. females 2,747 μg/g). Statistical significance was, however, observed for the Bos d 2/bovine hair allergen ratio, which was significantly higher in males than in females (0.34 vs. 0.27; p = 0.0005). This analysis was not possible within the breeds because of the small number of male animals in each group. Protein, bovine hair allergen, and Bos d 2 levels were strongly and significantly correlated ( fig. 2 ) , with the best correlation observed between bovine hair allergen and Bos d 2 values (r S = 0.92, p < 0.0001).
Discussion
The analysis of 80 hair samples from 16 different cattle breeds led to the finding of considerable quantitative differences in protein and allergen content among individual animals, but without any clear association to a particular breed or gender. As the sample numbers for 13 breeds were small (limited to mostly 1 or 2 individuals per breed), the statistical analysis was performed for the 3 most abundant cattle breeds: Holstein, Simmental, and Braunvieh. No statistical differences in protein, allergen, or Bos d 2 content were found among these breeds. In addition, the other 13 breeds, as a group, showed a similar distribution, range, and median compared to the 3 most abundant breeds and also did not differ significantly. Nevertheless, differences in allergen content cannot be excluded for the breeds with low sample numbers.
The collected samples are quite representative of the frequency of cattle breeds in Germany. According to the Federal Statistical Office, there are about 12.7 million cattle in Germany (50% dairy cattle, 39% dual purpose cattle, and 11% beef cattle) [13] . Simmental and Braunvieh are the most prevalent dual-purpose breeds, whereas Holstein (Holstein-Friesian including Red Holstein) is the most common breed reared for dairy production, even worldwide. The 3 breeds together account for nearly 80% (48% Holstein, 28% Simmental, and 3.4% Braunvieh) of the entire cattle livestock in Germany. Other breeds are less frequently raised and the livestock populations are small. For example, the number of breeds raised for beef consumption, such as Limousin, Charolais, and Angus, averages about 1.6, 1.1, and 0.7% of the total German cattle, respectively. Some breeds, such as Murnau-Werden- 14 fels or Murboden, are extremely rare (a few hundred animals) and are often included in government conservation programs because of their danger of extinction. Therefore, our study covers the most important breeds with regard to their allergological relevance for the majority of cattle farmers. High inter-and within-breed variations in Bos d 2 levels have been previously reported [12] . In their study, Heutelbeck et al. [12] described 60-fold differences in Bos d 2 content in individual hair samples between breeds (n = 18) and up to 30-fold differences within the same breed (the number of tested samples was between 2 and 4). In our study, Bos d 2 concentrations differed by even more than 1,000-fold between individual samples (n = 80) and by about 600-fold within Simmental cattle (n = 31). These results indicate that individual factors strongly influence allergen production and some animals might be classified as either high or low allergen producers within the same breed. It is striking that our Bos d 2 results for several breeds are on average higher than the Bos d 2 levels reported by Heutelbeck et al. [12] (e.g. median 842 vs. 101 μg/g for Holstein or 635 vs. 142 μg/g for Braunvieh), although assays with the same monoclonal antibodies were used. These differences may be related to the different extraction methods. Hair samples were rotated for 1 h instead of 24 h or longer, and we used the nonionic detergent Tween 20 in the extraction buffer, which is useful for cell lysis and protein solubilization and recommended for the optimization of allergen extraction [14] . The different assay conditions (e.g. antibody concentrations, standard, and conjugate) can influence the results as well.
A high variability in major allergen levels was also reported for dogs. Can f 1 levels varied by even up to 4 orders of magnitude among dogs of the same breed [15, 16] . However, in contrast to our results, Can f 1 levels in dog hair were significantly related to the breed, e.g. poodles had the highest whereas Labrador retrievers had the lowest Can f 1 levels. However, differences among dog breeds were small compared to the enormous variability within a breed, and the authors of both studies concluded that a hypoallergenic dog breed does not exist. Qualitative and quantitative differences in allergenic composition have been also studied in horses. Using immunoblotting, Felix et al. [17] determined IgE-binding profiles of dander extracts for several horse breeds. Considerable inter-and within-breed variations were observed, but no breed-specific allergen profile or allergen amount was found.
Currently, there is no data available for cattle, and contradictory results have been published for dogs and cats with respect to sex differences. Ramadour et al. [16] reported that male dogs had significantly higher Can f 1 concentrations in their hair compared to female dogs, although the difference was small (11.75 vs. 8.89 μg/g, p = 0.037) [16] . No significant effect of sex on Can f 1 levels was seen in the study by Vredegoor et al. [15] . Two studies have shown that Fel d 1 levels are significantly higher in skin or fur washes of male cats compared to female cats [18] . Previous experiments have also found that Fel d 1 production is testosterone dependent [19] . However, a study by Buters et al. [20] indicated that Fel d 1 levels in hair extracts are not significantly different between males and females, or between castrated and noncastrated cats. In our study, males had even lower levels of bovine hair allergen than females, but they had similar Bos d 2 contents. This resulted in significantly higher Bos d 2/bovine hair allergen ratios in males, confirming the results of previous studies which showed that major allergen levels appeared to be higher in male animals. However, this effect was rather small (0.34 vs. 0.27). Nevertheless, this result suggests that quantitative differences could exist in other bovine hair allergens between genders. Currently, besides Bos d 2 assay, no techniques to measure these allergens are available.
In our study, the results of allergen levels found in hair samples may have been partially influenced by the airborne allergen concentration in the cattle stables. As for the major allergens of other mammals, Bos d 2 belongs to the lipocalin family of proteins, which predominantly function as carriers of pheromones and odorants [5, 21] . In general, lipocalins tend to stick to small dust particles that can stay suspended in the air for long periods after disturbance. In stables, the levels of bovine hair allergens in airborne dust can reach immensely high values. In our previous report, the median allergen concentration was 14 mg/g dust, and allergen levels differed by about 100-fold between cow stables (all with Simmental cattle), ranging from 5,000 to 560,000 μg/m 2 [11] . It is likely that some proportion of the airborne allergen produced by livestock settles back onto the fur during the sedimentation process. Nevertheless, the majority of allergen measured in hair has to be derived from the animal itself. Bos d 2 has been shown to be produced in apocrine sweat glands and transported to the skin surface as a pheromone carrier [22] . The secretions of apocrine glands accumulate on hair and then spread through hair movements in the environment.
Besides the environmental conditions in stables, the method of sample collection could have influenced the results of this study. The hair was not collected from exactly the same body part for each cow. Previous studies have shown that the quantity of Fel d 1 on cat skin and fur varies between different anatomical sites. Fel d 1 concentrations were higher in the neck and face region than in the chest, back, and haunch areas [23, 24] . However, this unequal distribution on fur could result from licking and grooming which is specific for cats. In contrast, Can f 1 concentrations have been found to be similar between different anatomical zones of dogs [16] . According to Kurosumi et al. [25] , nonprimate mammals have apocrine sweat glands (producers of Bos d 2 in cattle) over the greater part of their body. Based on this fact, it is unlikely that the sampling location on the bodies of the cattle substantially influenced the results of our study.
In conclusion, our study suggests that allergen production in cattle is not breed-specific but differs by up to 3 orders of magnitude between individual animals. Furthermore, the sex of the animals seems to only marginally influence the allergen content.
